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Abstract

The prevalence of cardiovascular disease is lower in premenopausal women
compared toagematched rales and postmenopausd&males Differences in
risk may be due to sex differences in endothelial function. Therefoee, th
thesis examined the effects of gender on endotheluadependent
vasorelaxation in porcine isolated coronary arteriesA@CDistal PCAs were
studied under myographic conditons and -postracted with U46619.
Concentratiorresponse curves to bradykinin, an endotheli@pendent
vasorelaxant were constructed in the presence of various inhibitors. Inhibition
of NO and prostnoid synthesis (EDHype response) produced greater
inhibition in males compared to females. EliminatingOpl using PEGcatalase
significantly reduced theébradykinirinduced vasorelaxatiom the absence, but
not in the presence of-NAME and indomethacinn females, and had no
effect in males.Inhibition of gap junctions wi t h-GAcar ben
inhibited the EDHtype response in females but not in males. Inhibition of
SKca channelsreduced the EDHype response in PCAs from both sexes but
inhibition of IKca had an effect only in females but not males. Western blot did
not detect any differences the expressionof Cx40, 43 or Ik, between sexes.
H.O, caused concentraticdtependent vasorelaxations which were
significantly inhibited by PE@atalase,TEA, 60 mM K* and 500nM ouabain.
Inhibition of NOS, cycleoxygenase, gap junctions, &K IKca BKca Kir Ky,
Katp, CGMP, N&-C&* exchanger or removal of endothelium had no effect on

the HO»-induced vasorelaxationl mM H>O, inhibited both KCinduced



vasorelaxation and rubidiunptake consistent with inhibition of the Mi&*-
pump activity.

The effects of the antioxidant TiBrunder different gassing conditions
(95% 0O,/5% CO, or 95% air/5%CO,) were investigated The bradykinin
induced vasorelaxations in PCAs were unaffected by differdatels of
oxygenation Tiron® increased the potency of bradykinin only when gassed
with 95% 02/5% CO, and the enhancement in vasorelaxation was prevented
by catalase. Simiarly, Tir6henhanced the EDiipe response when gassed
with 95% 0,/5% CO, in PCAs from both sexes. Biochemical analysis using
Amplex Red demonstrated that,® wa s gener at-detseleit n Krebso
solution when gassed with5% O»/5% CO,, but not with95% air/'5%CO..

Inhibition of Nox had no effect in PCAs from females ImRI, a non
selective Nox inhibitor reduced the potency of the bradykimduced
vasorelaxation in males. In the EBype responses, inhibition of Nox had no
effect in females, but in males, ML71 (a selective Nox inhibitorland DPI
enhances whie VAS287@a selective Nox inhibitoryeduces the bradykinin
induced vasorelaxaton. ML71 had no effect on the forskeimduced
vasorelaxation but decreased the potency of U4a@li®ed tone in both
sexs in the absence or presence of endothelum. Nox activity was reduced by
DPI and ML-171, but not VAS2870 in PCAs from both sexes. Sex differences
in the functional study of Nox could be attributed to the differential expression
of Nox proteins where expssion of Nox1 and Nox2 were greater in males but
Nox4 was greater in females. This may underlie the greater oxidative stress

observed in males.



Bradykinininduced EDH-type response in PCAs from both sexes
were essentially abolished byAPB (TRPC&TRPM atagonist). SKF96365
(TRPC antagonist) inhibited the bradykimcuced vasorelaxation in males,
and EDHtype response in both sexes. Pyr3 (TRPC3 antagonist) inhibited both
the NO and EDH components of the bradykingiuced vasorelaxation in
males, but notfemales. RN1734 (TRPV4 antagonist) reduced the potency of
the NO component of the bradykinmduced vasorelaxation in females only,
but inhibited the EDHype response in both sexesARPB, SKF96365 and
RN1734 al reduced the J8,-induced vasorelaxationyhereas Pyr3 had no
effect. No differences in expression level of TRPC3 and TRPV4 between sexes
were detected using Western blot.

In conclusion, present study demonstrateclear sex differences in
endothelial function in PCAs where,8,, MEGJs, Ikca and TRPV4 channels
play a role in the bradykirimduced vasorelaxation only in female pigs whie
Nox-generated reactive oxygen specesl TRPC3 channels play a role in the
bradykininrinduced vasorelaxaton only in male pigs. Therefore, gender
specific drugtreatment for cardiovascular disease may browel therapeutic

strategy.
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1.1 Introduction
Regulation of the vascular tone plags important role in maintaining blood
pressure and flow. Increasen blood pressure can lead to cardiovascular
diseases (CVP) such as atherosclerosis, ischaemic heart disease, heart faiure,
renal damage and stroke. According to the British Heart Foundation, CVD is
t he UKO6 s biggest kil l er OOCpramatueecdeathsi nt s f or
annually (Scarboroughet al, 2010Q. According to the European cardiovascular
disease statistics, CVDausesmore than 4 milion deaths in Europe and more
than 1.9 milion deaths in the European Union each (@hols et al, 2012.
It is esimated that the overall CVD cost the European Union economy nearly
0$196 bil (Niclholsetah 2012 ar

In the coronary circulan, regulation of vascular tone &ntrolled by
endothelumderived mediators such as endotheldienived relaxing factors
(EDRF), nitric oxide (NO)(Furchgott & Zawadzki, 1980Palmeret al, 1987,
prostacycln (PGl (Dusting et al, 1977 Moncada et al, 1976 and
endotheliurderived  hyperpolaraiontype (EDH) response (Feletou &
Vanhoutte, 2013 Taylor & Weston, 1988 These endotheliwderived
mediators are produced folowing increase in intracelular calcium upon
stimulation by agonists such as bradykinin, acetylcholn€hjAor shear stress
(Grifith, 2004; Inagamiet al, 1995. The release oNO and PGl wil then
activate guanylyl cyclase and adenylyl cyclase respectively causing an increase
in the cGMP and cAMP levels in the vascular smooth mudstideved by cell
hyperpolariaton and relaxation (Inagami et al, 1995 (Figure 1.2).
Conversely, in pathological conditons such as diabetes, hyperteand

aging, simiar endotheliuwdependent agonistndluding ACh, bradykinin or

mo



shea stress stimulate theelease of endothelugherived contracting factors
(EDCFs) causing vasoconstrictigifersari et al, 2009. Examples of EDCFs
include endothelin, angiotensin 1l and cyclooxygerdsaved products
thromboxane Aand prostaglandin HVersariet al, 2009.

In the normal healthy vasculature, endothelial cells play an important
role in maintaining vascular homeostasis (Figure 1.1). The significant role of
endotheli& function in regulation of vascular tone was first reported in 1980 by
Furchgott and Zawadzki. Using rabbit isolated thoracic aorta , Furchgott and
Zawadzki demonstrated that acetyichelmduced vasorelaxation was
endothelurdependent and removal of eth endothelial cels either
mechanically or by colagenase essentially abolshed the vasorelaxation
(Furchgott & Zawadzki, 1980 A small contraction was uncovered at higher

concentration of acetylcholine in the endotheltiemuded aortaFurchgott &

Zawadzki, 1980

Endothelial cells

Internal elastic lamina

Vascular smooth
muscles cells

Fibrous tissue

Figure 1.1 Structure and composition of blood vessel. The innermost layer is
made up of endothelial cels, folowed by the internal elastic lamina and
vascular smooth muscle cels. Figure adapted from Siverthorn & Johnson
(2010).



At the time of discovery, it was hypothesized that the endothelum
derived substance(s) induced by ACh acted directly on the vascular smooth
muscle to produce vasorelaxatio(Furchgott & Zawadzki, 1980 This
endothelurmderived relaxing factor (EDRF) was later identified as nitric oxide
(NO) (Palmeret al, 1987. Prostacyclin, a derivative of arachidonic acid was
first reported to inhibit platelet aggregatidoncadaet al, 1979. It was later
confrmed by the same research group that the endogenous prostacycin causes
vasorelaxation in bovine coronary artéBusting et al, 1977).

A third endothelunderived mediator termed endothelgrrived
hyperpolarizing factor (BHF) was reported in the 198@Bolton et al, 1984
Taylor & Weston, 198B In mesenteric arteries from guirpg, Boltonet al.
(1984) demonstrated that carbachol produced a eotrationdependent
hyperpolariation awl proposed that the hyperpolatian is caused by a factor
released from the endothelum. Atela study defind EDHF responses as the
remaining proportion of endotheludependent vasorelaxation which is
independent of NO or prostacycliffaylor & Weston, 1988 Taylor &
Wedon (1988) described a clear difference between EDHF and EDRF where
EDHF causes vascular smooth musoidaxation through hyperpoleaton of
the cels with no changes in the cGMP or cAMP levels. Since the introduction
of the term EDHF nearly three decadeago, many entities have then been
proposed to bean EDHF (Campbel et al, 1996 Edwardset al, 1998
Edwardset al, 201Q Grifith, 2004, Shimokawa, 2010 However, it has now
been agreed t hat t he term OEDHFO® shoul d

endothelurmderived mediators  which  cause dethelumdependent
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hyperpolariaton (EDH) should be indicated by their proper names such CNP,

EETs, HO,, H,S and CQ(Feletou & Vanhoutte, 20}3

1.2 The release and mechanism of action @&ndothelium-Derived

Hyperpolarization (EDH)-type responses

A present view onthe release ofendothelunderived hyperpolaraion

mediators within the endothelial cells and the responses of the vascular smooth
muscle cells is summarised in Figure 1.2. Many endothelerned

mediators have been proposed to be responsible for-tiRHresponses over

t he past decade, yet none h gGrifithha pp e ar
2004. In 2010, the EDHmediated responses were classified into two
categories(Edwards et al, 2010): The first category is
pathway in which an increase in intracelular ZCa concentration
hyperpolaries the endothelial cels leading to activation of the Is(&cy)

and intermediate (IK;) conductance C&activated potassium channels on
endothelial cells(Busse et al, 2002 Edwardset al, 201Q Gluais et al,

20053. Activation of these potassn channels in turn hyperpoleeg the

vascular smooth muscle either through the transfer of elecsigadling via
myoendothelial gap junctions (MEGJ§fhadhaet al, 2011 Chaytoret al,

2003 Chaytor et al, 1998 de Wit & Grifith, 201Q Edwardset al, 200Q

Harriset al, 200Q Kennyet al, 2002h Kerr et al, 2012 Sandowet al, 2002

or through effiux of K ions from endothelial Sk and IKc, channels acting on
bariumsensitive inwardly rectifying potassium channels;)kand the ouabain

sensitive N&K"™ ATPase pump respectivefEdwardset al, 1998 Edwardset

al., 2010.



The second EDHype patiway involves direct hyperpolaation of the
vascular smooth muscle by endotheiderived mediators including
arachidonic acid derivatives (epoxyeicosatrienoic acids, EETsmpbell et
al.,, 1999, C-type natriuretic peptide (CNHEThauharet al, 2003 Wei et al,

1994, hydrogen peroxide (#D,) (Matobaet al, 200Q Shimokawa, 2010and

K™ ions (Edwardset al, 1998 Feletou & Vanhoutte, 2033 In most studies,

the EDHtype response is defined as the remaining proportion of endothelium
dependent vasorelaxation which are resistance to NO synthase and COX
inhibition  using pharmacological inhibitors -MAME and indomethacin
respectively(Beny & Schaad, 20Q0Edwardset al, 201Q McCulloch et al,

1997 Quignard et al, 1999 Senadheerat al, 2012.

Emerging evidence has now shown that transient receptor potential
(TRP) channels, expressed on both the endothelial cells and vascular smooth
muscle cels play a role in regulaton of vascular t¢Barley & Brayden,
201Q Sukumaranet al, 20L3). More specifically, TRPV4channelsfrom the
vaniloid TRP subfamily and TRPC3 from the canonical TRP subfamily have
been repor@ to play a role in N©and EDHmediated vasorelaxatiqiBagher
et al, 2012 Bubolz et al, 2012 Earley et al, 2009 Huanget al, 2011%
Luksha et al, 2009 Senadheeraet al, 2012 Zheng et al, 2013h. TRP
channels are C&permeable cation channels which can be activated by shear
stress, oxidative stress, light, temperature or chemical sii@alzer et al,

1999 Bari et al, 2009 Earley & Brayden, 2010Yao & Garland, 2006 To
date, 28 mammalan TRP isoforms have been identified and they have been

divided into six subfamiies based on their protein sequence homology and



DNA: ankyrin TRPA, canonical TRPC, melastatn TRPM, mucdiptin

TRPML, polycystin TRPPyaniloid TRPV (Earley & Brayden, 2010

Omdaﬁve Shear
[Iﬂ stress stress
;}P Cs ' Endothellal cell TRPC3 TRPW \
annels T 2 T oz

0x1dases EDH

Relaxation

Vascularsmooth muscle

Figure 1.2 The release and mechanisms of action of endothdiened
vasorelaxant in regulation of vascular tone. Schenditigram demonstrates
potential pathways in nitric oxide (NO), prostacyclin (PHGhnd endothelum
derived hyperpolaraion (EDH)}mediated vasorelaxation involving transient
receptor potential (TRP) channels, myoendothelial gap juncton (MEGJ),
calciumacivated potassium (K) channels, inwardly rectifying potassium
(Ki) channels and sodidpotassium adenosine triphosphatase {(BNGE
ATPase). Endotheliurderived K ions, epoxyeicosatrienoic acids (EET)- C
type natriuretic peptide (CNP) and hydrogen peeoXHO,) are some of the
candidates that have been proposed to be factors for-tifieH mediated
relaxation. Figure adapted from Shimokawa (2010) and Earley & Brayden
(2010).



1.3 Factors for the EDHtype mediated responses

1.3.1 CGtype natriuretic peptide (CNP)

C-type natriuretic peptide (CNP), a -2Bnincacid peptide is a vasodiator
which has been reported to be expressed in human cultured aortic endothelial
cels andis present inhuman plasmgStingo et al, 1992. In patients with
congestive heart failure, the urinary excretion of CNP has been reported to be
three times higher than in healthy subjects with no differences detected in the
plasma CNP levels between the two gro(dsttingly et al, 1994.

In porcine coronary arteries (PCAs), rat mesenteric arteries, human
penie resistance arteries and human omental fat resistance arteries, CNP
caused a concentratimependent vasorelaxation which was attenuated by high
potassium(Bartonet al, 1998 Chauharet al, 2003 Kun et al, 2008 Moyes
et al, 2014 Wei et al, 1994. In previous studies using PCAs conducted by
two different research groups, simiar maximum relaxation to exogenously
aled CNP have been reportd@arton et al, 1998 Wei et al, 1999.
However, further studies using electrophysiological techniques led them to
generate contradicting conclusiofBartonet al, 1998 Wei et al, 1994. Wei
et al., (1994) was the first group to propose that CNP could be a factor for
EDH-type responses on the basis that CNP hyperpolarizes porcine coronary
smooth muscle cels, which was inhibited by thé &hannel inhibitor TEA,
and that the CN#fhduced vasorelaxatonwas charybdotoxin (calcium
activated K channel inhibitodsensitive. However, in a later study in intact
PCAs, due to the relatively smalldyperpolarizationand relaxation induced
by CNP compared to bradykinin, Barteh al. (1998) concluded that CNR i

unlkely to be a factor for EDHype responses.



In the Langendorfiperfused rat heart, CNP produced a concentration
dependent decrease in perfusion presgttebbs et al, 2004 which was
sensitive to inhibition of NO synthase and blockade gf#Kand BKc, channels
(Brunner & Wolkart, 200L Measurement of cGMP levels in the coronary
efluent demonstrated that CNP produces a concent@dpandent increase
in cGMP levels(Brunner & Wolkart, 200l However, in the same study using
rat isolated aorta, inhibition of NO synthase had no effect on the-Gdiieed
vasorelaxation, demonstrating that the mechansm of -@©dlked
vasorelaxation differs between vascular (&dnner & Wolkart, 201).

In rat isolated mesentericrtaries, inhibition of the K and N&/K™-
pump essentialy abolished the ACICNP and cANF?? (a selective NPFC
agonist)induced EDHtype vasorelaxatioffChauhanet al, 2003. This lead to
their conclusion that CNi#hduced vasorelaxation involved actvation of the
NPR-C receptor(Chauharet al, 2003. Later studies using the selectve NPR
C receptor antagonist, M372049 further confrmed that this receptor is
involved in the CNPFnduced vasorelaxation pathwaiHobbs et al, 2004
Vilar et al, 200%. In the absence of NO and BGHS 142-1, a selective
NPRA/B antagonist had no effect on the AChor CNRinduced
vasorelaxation suggesting that NHARB receptors are not involved in the
CNP-induced vasorelaxatior{Chauhanet al, 2003. CNP bioassay using
effuent collected from rat isolated superior mesenteriderat bed after
perfusion with ACh (in the presence of -NAME and indomethacin)
demonstrated that, the EBt#fe response involvedhd release of CNP

(Chauhan et al, 2003. This was dependent on the endothelum and



myoendothelial gap junction communicatig€hauhanet al, 2003 Hobbs et
al., 2009.

In endothelial cell CNP knoekut (ecCNP KO) mice or NRR
receptor knoclout (NPRC KO) mice, sex differences in the A@iduced
vasaelaxation in the absence or presence @IAME and indomethacin have
been reportedMoyeset al, 2014. Moyeset al. (2014) reported a decrease in
potency for ACh in the EDHype response only in mesenteric arteries from
female ecCNP KO andN\PRC KO mice but not males. Simiarly, in the
absence of INAME and indomethacin, there is a decrease in potency for
ACh-induced vasorelaxation only in mesenteric arteries from female but not
male ecCNP KO micéMoyes et al, 2014. Their gharmacological response
study corresponds with thein vivo study, where they have reported that in
ecCNP KO mice with impaired endothelial function, there is a significant
increase in @an arterial pressure in female but not malee compared with
their respective WT littermategMoyes et al, 20149.

In contrast to the studies described above, researchers from other
laboratories using rat mesenteric arteries and guinea pig carotid arteries
reported that CNP in unlkely to ba factor for EDHtype response on the
basis that exogenously appled CNP only produce modest relaxation without
hyperpolarizaton and the AGhduced EDHtype response was insensitive to
M372049, a selectve NRR receptor antagonifDora et al, 2008 for a
review see Garland & Dora, 2008urangueret al, 20080).

In human forearm resistance arteries, CNP has been reported to be a
factor for EDHtype response as the CRNfeluced concentratiedependent

vasodilatation was abolished in the presence of a rélale® concentration
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of TEA (0.5 mM) (Honing et al, 200), a concentration used to inhibitcK
channels. In human penie isolated ressta arteries, CNP produced an
endothelumindependent hyperpolarizaton and  concentratiedependent
vasorelaxation which was sensitive to the blockade of th&KNgump, K,
SKca IKca and BKea (Kun et al, 2008. Further studies using cANE® as a
selective NPRC agonist resulted in concentratiordependent vasorelaxation,
suggesting the presence of NERreceptors in these arteridkun et al,
2008. In human rastance arteries from omental fat, the CKéuced
vasorelaxation in the presence of-NAME and indomethacin were
significantly attenuated in the presence of M372049, a selective-GIPR
receptor antagonisfMoyes et al, 2014.

After more tlan two decades of studies on CNP, due to the confiicting
results presented by different research groups using various species of study
and different vascular bed, a direct comparison or a definitive role for CNP as
a factor for EDHtype response is stil oh possible and remains to be

determined in future studigfuksha et al, 2009 Sandow & Tare, 2007
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1.3.2 Epoxyeicosatrienoic acids (EETS)

Apart from prostacyclin, other metabolites of arachidonic acid (Afduced
by endothelial cells include epoxyeicosatrienoic acids (EETsyhich are
derived from thecytochrome P45@ependenpathwayg (Edwardset al, 201Q

Rosolowsky & Campbell, 1993 These EETs consist of four different

regioisomers including 5,&ET; 8,9EET; 11,12EET and 14,1%ET and
have been proposed to be factors for Elge responses (Figure 1.3)
(Campbell et al, 1996 Westonet al, 2005. An early studyon bovine
coronary arteries demonstrated that AA  caused endotiedipendent
vasorelaxation(Rosolowsky & Campbel,1993. Further work by the same
group found that the relaxatons to AA and EET were attenuated by the
presence of high potassium, TEA and charybdotoxin leading to their

conclusion that EET is a factor for EBtpe respons¢Campbel et al, 1996.

Ar ac hi d ol(nA A

Cytochr ome
v

5 -BET 14 -BBT

8 -BET| | 11 -HAET

[
EDH ypes pson

Figure 1.3 Different cytochrome P450 metabolites of arachidonic acid
including 5,6EET; 8,9EET; 11,12EET and 14,1FET that have been
proposed to be a factor for EBidediated response. EE&poxyeicosatrienoic
acids.
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Other studies have reported that 11.EET hyperpolarizes bovine,
porcine and guinepig coronary smooth muscle ce{€ampbellet al, 1996
Eckmanet al, 1998 Edwardset al, 200Q. In guineapig coronary arteries, the
hyperpolarizaton and mtency of the AA and 11,12EET-induced
vasorelaxations were significantly reduced in the presence of iberiotoxin,
indicating that the B, channels play a role in the Elfiduced EDHtype
response (Eckman et al, 199§. In porcine coronary smooth musclells
hyperpolarizationto 11,12EET was essentially abolished in the presence of
iberiotoxin (Edwardset al, 2000Q. Using selective EET antagonists, Wes&in
al, (2005) reported that in PCAs, bradykimauced EET release involved
both the 0 typea esponsea (hdfivatior BfHendothelial gKand
IK cg) and activation of the ibetoxin-sensitive Bkca channels.

In mouseisolated mesenteric arteries, the effects of 1-EEZ-induced
vasorelaxation anchyperpolarizationwere both endothelwdependent and
independent(Earley et al, 2009. These vasorelaxat and hyperpolarization
responses were significantly reduced when either both, @Kd IKca channels
were blocked together or when BKwas blockedEarleyet al, 2009. When
all three Kca channels were blocked, the 11,EET-induced hyperpolarization
was completely abolished, whereas the vasorelaxaton was nearly abolished
(Earley et al, 2009. In human isolated coronary arteriol€siCAs), the
presence of both S and IKc, inhibitors significant reduced the Afduced
vasorelaxatio (Zheng et al, 2013). The AAinduced vasorelaxation was
essentialy abolished in the presence of high potassium, indicating that in
HCAs, the AAinduced vasorelaxation invoved the Eybe response

(Miura & Gutterman, 19987heng et al, 20130).
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1.3.3 Hydrogen Peroxide (HO-)
Hydrogen pesxide (HO.) is one of the many reactive oxygen species (ROS)
generated within the endotheliudollowing stimulation by agonists such as
acetylcholine and bradykinin or stimuli such asshear stresfMatoba et al,
2003 Matobaet al, 200Q Miura et al, 2003. Other ROS generated within the
endothelum include nitric oxide (NO), peroxynitrite (ONQQO superoxide
anions (Q") and hydroxyl radicals (OM (Brandes & Mugge, 1997Edwardset
al., 201Q Gryglewskiet al, 1986 Shimokawa, 2010 The precursor of #D;,
superoxide anions, can be generated within the endothelum from sources such
as eNOS, NADPH oxidases (Nox), xanthine oxidase, cyclooxygenases,
lipoxygenases, CYP450 epoxygenases and mitochor{@dwards et al,
201Q Shimokawa & Morikawa, 2005 Through uncoupling of eNOS,
superoxide anions can be generated agprbgluct from the catalysis of-L
arginine to NO (Figure 1.2jMatobaet al, 200Q. The generated superoxide
anions can then form J@, either by spontaneous digtation or catalysed by
superoxide dismutase (SOD)Faraci & Didion, 200% Alernatively,
superoxide can also react with endothelial NO to form ON{X@ure 1.2)
(Gryglewski et al, 1986. Therefore, the second major function of SOD is to
prolong the hafffe of NO protecting NO and N@nediatedsignaling in the
blood vesselgFaraci & Didion, 2004 MacKenzieet al, 1999 Shimokawa,
2010.

In tissues, another significant sourcef intracelular ROS is the
NADPH oxidase enzymes where superoxide anions are formed through
reduction of Q@ using NADPH or NADH as an electron don(€henet al,

2012 Paravicini & Touyz, 2008 To date, seven different Nox isoforms have
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been identified including Noxb, Duoxl and Duox2(Paravicini & Touyz,
2008, but within the vasculature, only Nox1, Nox2, Nox4 and Nox5 isoforms
have been reported to be involved in many cardiovascular diseases such as
hypertension, atherosclerosis, stroke, diabetes and ischapmidusion
damage (Kleinschnitz et al, 201Q Paravicini & Touyz, 2008 Streeteret al,
2013 Wingler et al, 2017).

In rat aorticsmooth muscle cels, it has been shown that Nox1 produces
primarily superoxide, whie Nox4 produces mainly,(Q4 (Dikalov et al,
2008. In transgenic e overexpressed with endothelial Nox4, a significantly
higher amount of KD, has been detected in the aortic homogenates compared
to the control (Ray et al, 201). The blood pressures in the Nox4
overexpressed mice were significantly lower compared to the béfére and
after chronic treatment of angiotensin Il (1.1 mg/kg/dagiray et al, 201J. In
experiments using isolated a@tathe AChinduced vasorelaxaton was
enhanced in the Nox4 overexpressed transgenic mice compared to the WT
littermate mice and the enhancement was abolished by catalase, indicating that
the enhancement is attributed teQ4 (Ray et al, 201). Hence, these authors
concluded that the increase in endothelial Nox4 actvity may provide beneficial
effects to the vascular tone as opmbs$e the functional effects of Nox1 and
Nox2 (Ray et al, 2011J).

In a different study, a higher level of Nox4 proteins has been detected
in ischaemic brain samples taken from stroke patients and (Kiegschnitz
et al, 201Q. In this study, Kleinschnizet. al. (2010) reported that
pharmacological inhibition with the NADPH oxidase inhibitor, VAS2870, but

not apocynin, gvenin vivo 2 h and 12 h posttroke mimicked the
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neuroprotective effects observed in Nox4 knotk mice where the ROS
formation and brain infarct volume were reduced with significant improvement
in neurological function(Kleinschnitz et al, 2010Q. Given the fact that whilst
endothelial Nox4 overexpressed mice provide beneficial effects on the vascular
tone (Ray et al, 201]), the same Nox isoform, Nox4, seems to be the major
source of oxidative stress after acute stroke, having a detrimental effect in the
brain (Kleinschnitzet al, 201Q. Therefore, the role of Nox4 generatedCH
within the vasculature may provide contradictory effects depending on the
experimental conditions and vasoulbeds(Kleinschnitz et al, 201Q Streeter
et al, 2013.

H,O, was first reported to hyperpolagiz smooth muscle cels and
produce concentratiedependent vasorelaxation in PCAs in 19@&eny &
von der Weid, 1991 However, due to the lack ddffect to bradykinin and
substance fhduced endotheliurdependent hyperpolarization in the presence
of catalase Bény and van der Weidoncluded that the EDIype response
induced by bradykinin or substance P andO} may be of two different
entities (Beny & von der Weid, 1991 A later study in rabbit iiac arteries
simiarly reported that catalase had no effect on the-Ad®ld A23187induced
hyperpolarization, but significantly inhibitedthe vasorelaxation to both
compounds, leading the authors to conclude that, endogen@ys iginot a
hyperpolarizing factor, but is a relaxing fact@haytor et al, 2003. Further
studies in various vascular beds, including porcine and human acpron
arterioles, human and murine mesenteric arteries and murine aostag,hés

been reported to act as a vasodig®eny & von derWeid, 1991 Liu et al,
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2011, Matobaet al, 2002 Matobaet al, 2003 Miura et al, 2003 Ohashiet
al., 2012.

Early studies in bovine isolated pulmonary arteries and PCAs reported
that HO,iinduced endothelunmdependent vasorelaxation through activation
of soluble guanylyl cyclase producing cGMKBurke & Wolin, 1987
Hayabuchiet al, 1998. However, a study from a different group failed to
demonstrate the involvement of cGMP in theOgtinduced response in PCAs
(Barlow & White, 1998. Instead they have reported that(d-induced
hyperpolarization and relaxation through potassium channels and large
conductance calciwactivated K channels (Bl (Barlow & White, 1998
Other studies in human coronary arterioles and PCAs similarly reported that
BKca channels play a role in the,8»-induced vasorelaxatio(Hayabuchiet
al.,, 1998 Liu et al, 2011 Miura et al, 2003. However, this observation was
not universal as studies from other laboratories reported that inhibition @f BK
channels had no effect on the®3-induced vasorelaxation in mouse
mesenteric arteriegElis et al, 2003 Matoba et al, 200Q. Nonetheless,
studies in a variety of different vessels including PCAs, murine mesenteric
arteries ad aort® human mesenteric arteries and coronary arterioles and
canine coronary arteries all came to the same conclusion thahatnels play
a role in the HO,-induced response as the®3-induced vasorelaxation was
sensitive to high potassium and/ortradutylammonium (Elis et al, 2003
Matobaet al, 2002 Matobaet al, 2003 Matobaet al, 200Q Miura et al,

2003 Ohashiet al, 2012 Rogerset al, 2006 Thengchaisri & Kuo, 2003 In
small mesenteric arteries from mice, Matobi al (2000) reported that the

AChi induced EDHtype response was sensitive to catalase and the formation
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of endothelal HO, was detected wusing confocal microscope with
dichlorodihydrofluoresceindiacetate (DCF) dye. Therefore, they concluded
that O is a factor for EDHtype response in murine small mesenteric arteries
(Matoba et al, 200Q. Simiarly in porcine coronarynicrovessels, Matoba and
colleagues have provided further evidence th#dHacts as a factor for EDH
type response by demonstratng that bradymdoced EDHtype
vasorelaxation is sensitive to catalase and the production of endothé€ial H
was deteci@ using electron spin resonance metidtobaet al, 2003. They
have also reported that exogenousO}l hyperpolaries and relaxes vascular
smooth muscle through Kchannels(Matobaet al, 2003. In human coronary
arterioles, endogenous,®, induced by shear stress have been reported to be a
factor for EDHtype responséMiura et al, 2003.

Conversely, a study from another laboratory using small mesenteric
arteries isolated from WT or type Il diabetic mice failed to demonstrate tha
H.O, plays a role in the ACImduced EDHtype vasorelaxatiorfElis et al,
2003. In the sae arteries, altthough the ;Bh-induced vasorelaxation was
abolished by high potassium (60 mM), inhibition of the*/M&-ATPase, K,

Ky or the Kca channels had no effects on theQd-induced vasorelaxation
(Elis et al, 2003. This is in contrast with other studies where, in human
coronary arterioles, the JB,-induced vasorelaxation was sensitve to apamin
(SKca channel inhibitor) and charybdotoxgMiura et al, 2003, whie in rat
and canine coronary arteries, theQzinduced vasorelaxation was sensitive to
4-aminopyridine (K, channel blocker)(Rogers et al, 2006§. Hence, it is
possible that the response teQd may vary between species, vascular beds

and experimental conditonEdwardset al, 201Q Thakali et al, 2008.
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1.3.4 Potassium (K) ions, Calciumactivated Potassium (ka) Channels
and Transient Receptor Potential (TRP) Channels
As described above, in t he 0classica
endothelial Sk, and IKca channels causes effux of 'Kions into the
extracelular space (Figure 1l.4[Edwardset al, 1998 Edwards & Weston,
2004 Westonet al, 2009. In rat hepatic arteries, the concentration of K
detected in the myoendothelial space was raised to ~6 mM in ACh (10 M)
induced hyperpolaization (Edwardset al, 1999. In these vessels, the increase
in K™ concentration in the myoendothelial space is abolished in the presence of
apamin plus charybdotoxin, inhibitors of the §KIKca and BKca channels
(Edwards et al, 1998. In endothelial cels from PCAhyperpolarization
induced by bradykinin (in the presence ofNIAME and indomethacin) was
significantly inhibited by TRAM39 and apamin, inhibitors of the & and
SKca channels  respectively (Weston et al, 2005. This residual
hyperpolarization was completely abolshed in the addiional presence of
iberiotoxin, an inhibitor of the BK, channel, indicating that all three channels
are involved in the EDHype respons¢Westonet al, 2005.

In human coronary arterioles, flemducel vasodiataton and
hyperpolarization were abolished in the presence charybdotoxin suggesting
that Kca channels play a ml in the shea stressinduced endothelium

dependent vasorelaxatiofMiura et al, 2001J).
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Figure 1.4 Hypothesized schematic diagram of the EDpe mediated
vasorelaxation signaling at the myoendothelial contact sites involving
endothelial cell projections through internal elastic lamina (IEL). Senadheera
et al. (2012) reported that in rat mesenteric artery, TRPC3 channels,
intermediateconductance calciwactivated potassium chammel(IKcs), gap
junction connexins and 1,4ffphosphate receptor @dR) occur in close
proximity within the endothelial cell projections. €ainflux from TRPC3
channels or Cd release from IRsensitive stores activates endothelial K
and IKca channels folowed by K effux and activation of i and N&/K*
ATPases on the vascular smooth muscle. TRPV4 channels have also been
shown to play a role in endothelkmependent vasorelaxation. Figure adapted
from Edwardset al.(2010) and Senadheed al. (2012).

The effux of K ions from the endothelum wil, in turn, activate the
Na'/K*-ATPase pump and jKchannels on the vascular smooth muscle leading
to hyperpolarizationand relaxation of the smooth musd&dwards et al,
1998. In rat hepatic and mesenteric arteries, Edwaidsl. (1998) reported
that extraelular K" mimics the effect of EDHype response, hyperpolarizing

and relaxing vascular smooth muscle. These Hpid¢ responses were
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abolished by the presence of ouabain ‘(K& ATPase inhibitor) and barium
(Kir channel blocker) leading to their conclusion that i likely to be factor

for EDH-type response via activation of the M&-ATPase and K channels
(Edwards et al, 1998. This conclusion was further supported by studies
conducted on other vascular beds including human thyroid arteries, rat middle
cerebral arteries an®CAs (Beny & Schaad, 20Q00McNeish et al, 2005
Torondel et al, 2004. However, studies from other laboratories using rat
hepatic arteries, human subcutaneous arteries, PCAs, -gignezarotid and
coronary arteries reported that” Ks unlkely to be a factor for EDiype
responses and that ouabain and/or baribad no effect on the AChor
bradykinirinduced hyperpolarizaton(Coleman et al, 2003 Quignard et al,
1999. This leads to the proposal that in vessels where activation of the
Na'/K*-ATPase and K channels were not involved, electromignaling were
transferred from the endothelial cells to the smooth muscle cels via gap
junctions (Figure 1.4JChaytoret al, 2003 Edwardset al, 200Q for a review

see Girifith, 2004 Harris et al, 2000Q. Further details about the involvement
of gap junctions in EDHnediated responses wil be discussed later (Section
1.3.5).

As mentioned briefy in Section 1.2studies have now provided
evidence that TRP channels play a role in regulation of vascular(Eaney &
Brayden, 2010 Sukumaranet al, 2013. In murine isolated mesenteric
arteries, the vasorelaxation artyperpolarizationof the EDHtype response
induced by ACh were significantly reduced (~75%) in TRPV4 knockout mice
compared to the WT micéEarley et al, 2009 Furthermore, this group of

researchers demonstrated that the IEEZ-induced vasorelaxation and
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hyperpolarizationwere completely abolshed in TRPV4 KO mice compared to
the control(Earley et al, 2009. In human isolated coronary arterioles (HCAS),
AA-induced vasorelaxaton was significantly reduced in the presence of
RN1734, a selectve TRPV4 antagoni@gheng et al, 2013h). Whereas, in
TRPV4 overexpressed HCAECs, all four of the cHifé AA metabolites; 5;6
EET; 8,9EET; 11,12EET and 14,1%ET were less potent than AA in
activation of TRPV4 channel§éZheng et al, 2013H).

In rat mesenteric artery endothelial cells, physical and functional
interaction between TRPV4 and gKchannels have been report@da et al,
2013. Using inhibitors of the TRPV4 and SKchannels, RN1734 and apamin
respectively, Maet al. (2013) demonstrated that the membrane potential and
relaxaton to ACh in rat isolated mesenteric arteries were cagnift
attenuated. Both inhibitors have been shown to reduce the local blood flow in
ex vivomesenteric art er i-ROD (abteawr ofi TRBWAC e d
channels) and ACiiMa et al, 2013. This group of researchers also reported
that the Bkca channels expressed in the vascular smooth muscle cels isolated
from rat aorta are physicaly associated with TRPC1 channels where influx of
C&* through TRPC1 activates BK which then leads to membrane
hyperpolarization(Kwan et al, 2009.

A different study has reported that TRPC3aonels are involved in
endothelial NO release in PCABuanget al, 201). In rat mesenteric arteries,
blocking SKcs IKca or TRPC3 channel individualy using pharmacological
inhibitors ~ significantly reduced the A@hduced, EDHtype vasorelaxation
(Senadheerat al, 2012. The residual relaxation was completely abolished in

the presence of etther a combination of cknd TRPC3 channel antagonists
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or a combination of 1K, and TRPC3 channel antagoni¢&enadheerat al,

2012. Immunohistocheroal studies havedemonstrated that ~73% dlfiese
TRPC3 channels are expressed in the internal elastic lamina (IEL) hole sites
with about thredold higher frequency than the expression of myoendothelial
gap junctions (MEGJs) (Figure 1.{$enadheerat al, 2013. Therefore, the
authors concluded that in rat mesenteric artery’* Gaflux through TRPC3
channels faciitates EDitype response through activation of endothelialcsSK
and IKca channels.

A different study conducted by the same research group comparing
isolated third order uterineadial arteriesfrom pregnant rats with agmatched
nonpregnant rats reported that the EBide activity is enhanced in vessels
from pregnant rat§Senadheerat al, 2013. These authors suggested that the
increasein EDH-type activity in vessels from pregnant rats could be related to
the increase in expression and activity of TRPV4 chari$dsmadheerat al,
2013. However, a reduction in the incidence of MEGJs in pregnant rats was
also reportedSenadheerat al, 2013. As opposed to rat cremaster arterioles
where TRPV4 channels and dKchannels have been reported to cluster within
the endothelial cell projection microdomaiBagher et al, 2012), TRPV4
channels in radial arteriekom both pregnant or nepregnant rats were not
expressed near the IHSenadheerat al, 2013. Therefore, the roles of TRP

or Kcachannels may vary between species and vasculaurioksd study.
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1.3.5 Myoendothelial Gap Junctions(MEGJs)
As previously mentioned Sgction 1.2), increases in intracellular calcium in
the endothelum activate endothelial &Kand IKca channels which in turn
hyperpolarie VSMCs either through release of Kons from these channel
leading to  activationof VSMCs K; channel and ouabasensitve N&K*
ATPase pump(Edwards et al, 1998 Edwards et al, 2010 or through
electrical signaling via myoendothelial gap junctiongde Wit & Griffith,
201Q Edwardset al, 201Q. Gap junctions have been reported to faciitate
communication between endothelial cells, between VSMCs and between
endothelial cels and VSMQ&dwardset al, 2010.

Gap junctions are made up of two docking hemichannels or connexons
which allow passage of small molecules second messenger of less than 1
kDa to diffuse throughde Wit & Grifith, 201Q van Kempen & Jongsma,
1999. Each connexon is composed of six connexing),(@ansmembrane
proteins. Within the vasculature, expression of Cx37, Cx40, Cx43 and Cx45
subunits has been detected in the endothelial and/or VS{@@aytor et al,
2003 Hill et al, 2002 Kerr et al, 2012 Langet al, 2007 Lukshaet al, 2009
van Kempen & Jongsma, 1999However, the expression and distribution of
different connexin proteins varies between vascular bed and species of studied
(Hil et al, 2002 Lukshaet al, 2009 van Kempen & Jongsma, 1999Hil et
al. (2002) reported that the number of MEGJs increased with decreasing vessel
size in rat mesenteric arteries, while Sandstwal (2002) detected MEGJs in
rat mesentericarteries but not femoral arteries

In functional studies, nee el ect i ve gap junction i nhib

glycyrrhetinic acid, carbenoxolone and palmitoleic acid have been reported to
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inhibit the endothelurdependent, EDHype vasorelaxation in rat isolated
mesenteric arterial bed, human myometrial arteries, omental arteries and veins
isolated from pregnant women, suggesting that gap junctional communications
play a role in the EDHype responséHammondet al, 2011 Harris et al,

2000 Kenny et al, 2002h. Simiarly, in PCAs, Gap 27, a connexin mimetic
peptide, significantly reduced the substance Bnd bradykinininduced
hyperpolarizaton = demonstrating theinvoement of gap junctional
communication in the EDHype respons¢Edwardset al, 2000.

A different study using different Giimetic peptide *"*¥%Gap27,
“9Gap27 and **Gap26 to disrupt intercellular communication by targeting
Cx37, Cx40 and Cx43 of the MEGJs in rabbit isolated iiac arteries
demonstrated these peptides had no effect on the A2Bd83ded EDH-type
vasorelaxation when used alori€haytor et al, 2003. However, in the
presence of all three peptides in combination, the potehdd23187induced
EDH-type response was significantly reduced confrming that more than one
Cx subtype are involved in the gap junctional communicati@isaytor et al,

2003 Luksha et al, 2009. Furthermore, the presence of all three peptides in
combination abolshed the A€hand A23187induced hyperpolarization
(Chaytor et al, 2003. Simiarly, the presence of al tlrepeptides essentialy
abolished the bradykinimduced EDHtype vasorelaxation in resistance
arteries isolated from subcutaneous fat of healthy pregnant w(iaeg et al,

2007. In addition, immunohistochemistry confrmed the expression of Cx37,
Cx40 and Cx43 proteins in resistance arteries isolated from subcutaneous fat of
healthy pregnant womerfLang et al, 2007, omental arteries and veins

isolated from healthy pregnant wom¢Hammond et al, 2011 and in iiac
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arteries isolated dm rabbit (Chaytor et al, 2003. Interestingly, in the
presence of all three @ximetic peptides, the addiional presence of catalase
abolished the A2318induced vasorelaxation in resistance arteries isolated
from subcutaneous fat of healthy pregnant worfieang et al, 2007%. In a
different study, the presence of carbenoxolone and catalase proalgredter
inhibition compared to when used alone in bradydmiuced EDHtype
response in omental arteries and veins isolated from healthy pregnant women
(Hammond et al, 201). These authors proposed that gap junctional
communication and endogenous;®, compensate each other in the EBide
responsgHammond et al, 2017).

As mentioned in Section 1.3.4, MEGJs have been reported to cluster in
the endothelial cell projection within the internal elastic lamina space (IEL)
(Figure 1.4)(Kerr et al, 2012 Sandowet al, 20032. In rat mesenteric arteries,
studies have demonstrated that endothelia, Ighannels and N&*-ATPase
are highly expressed irhé endothelial cell projections and are-localised
with MEGJs specifically Cx37 and Cx40 protefi3ora et al, 2008 Sandow
et al, 2009. Simiarly, endothelial lik; channels and Cx37 proteins were
detected within the IEL which corresponds with the functional study where
presence of carbenoxolone and TRAM essentially abolshed the
bradykinirinduced EDHtype response in human mesenteric artef@sadha
et al, 201]). See Section 1.3.4 for discussion ioteractions between MEGJs

and TRP channels.
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1.4 Physiological relevance of EDHype responses

In the vasculature, endothelial cels play an important role in maintaining
vascular homeostasis, exerting both vasodiatation \w@gbcostrictor effects

on the VSMCs to control blood pressurgDurand & Gutterman, 20}3 The
EDH-type responses have been reported to play a role under physiological
conditions, either in heapdobh sygstéem Hos
see Section 1.6(Durand & Gutterman, 2013McCullochet al, 1997 Yang et

al,, 2007%. In humans, the contribution of different types of endothelum
derived vasodilators varies with age and under certain physiological conditions
such as pregnancfAl-Shaeret al, 2006 Durand & Gutterman, 2013Miura

et al, 200% Yang et al, 2007.

A prelminary study of flowinduced vasodiatation in human isolated
coronary microvessels from different age groups demonstrated that in vessels
isolated from chidren (age -08) vasodiataton was mainly mediated by
prostaglandins, and the contributioh rostaglandin reduces with age as the
role of NO increasegZinkevich et al, 201Q. However, in disease, human
coronary arterioles isolated from adults with coronary artery disease showed a
reduction in the flowinduced wsodiatation with an increase in EBpe
responses to compensate the loss of (WMura et al, 200). A later study
conducted by the same research group rtefgothat endotheliurdependent
H,O, plays a role in the flowinduced vasodiatation in human coronary
arterioles from patients with heart disegbtura et al, 2003.

In vascular responses measuring forearm blood flow of healthy human
subjects, ACknduced vasodiatatonwas significantly lower in elderly

subjects compared to youngbgects and the reduction in vasodiatation was

27



attrbuted to the loss of NGAI-Shaeret al, 2006. In addiion to that, a
reduction in the human forearm blood flowto an enddhelumindependent
vasodilator, sodium nitroprusside was reportedin healthy elderly subject
compared to the young subjects suggesting that vascular dysfunction occurred
with the aging proces®\-Shaeret al, 20086.

The other physiological conditon which alters the contribution of
endothelumdependent vasorelaxation is during pregnar®ang et al,
2007. A previous study demonstrated an enhancement in the bradykinin
induced vasorelaxation in resistance arteries from normotensive pregnant
women compared to nguregnant womenKnock & Poston, 1996 In the
presence of NO synthasehibitor, no differences between both groups were
detected in the bradykininduced vasorelaxation suggesting a greater role for
NO in resistance arteries from pregnant wor(i€nock & Poston, 1996 In
isolated resistance arteries from women with-gelampsia, the bradykinin
induced vasorelaxaton was significantly reduced compared to women with
normotensive pregnancyKnock & Poston, 1996 The presence of NO
synthase inhibitor further reduced the bradykinfuced vasorelaxation in
arteries from women with preclampsia, with a greater reduction in the
endothelumdependent  vasorelaxation  compared to  arteries  from
normotensivepregnancy(Knock & Poston, 1996 A different study in human
isolated myometrial arteries from women with normotensive pregnancy
demonstrated that gap junctional communications play a role in thetgieH
respose (Kenny et al, 20020 with a greater EDHype responses compared

to nonpregnant women and in pexlampsia(Kenny et al, 20023
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1.5 Sex differences in the EDHype responses

Studies have reported ththe cardiovascular risk in premenopausal women is
significantly lower compared to ageatched men or postmenopausal women
and sex differences in vascular functon have been suggested for the
differences in risk(Lerner & Kannel, 1986 McCulloch & Randal, 1998

Vilar et al, 2008. Previous studies in rat isolated mesenteric arteries and in
mesenteric arterial bed have demonstrated a greater-tigHresponse in
females compared to makéslcCulloch & Randall, 1998White et al, 2000.

This was further confrmed by a study using eNOS and €OXouble
knockout mice, where the mean arterial pressure in females was unaffected
wheregd in males there was a significant increase in the blood pressure
compared to the WT contr¢gScotlandet al, 2005. Simiarly, in pressurised

rat isolated mesenteric arteries, a greater -l@bced EDHtype response was
observed in females compared to males and the enhancemeHiryfie
response in females was attributed to the apaemsiive Sk, channels
(White et al, 2000.

Sex differences in the EDKpe response in the vasculature have been
implicated with the sex hormone, oestrogen which has been shown to exert a
cardioprotective effec{Giligan et al, 1994 Tagawaet al, 1997 Vilar et al,

2008. A previous study in PCAs reported that-28 h incubation withl 7-b
estradiol significantly enhanced endothelidependent, A2318induced
vasorelaxation in female and castrated male (gl et al, 1999. Simiarly

In rat mesenteric arteries, A2318duced EDHtype vasorelaxaton and
hyperpolarizationwere esseially abolished in ovariectomised female rats and

the responses westradiol treaes tradglriveed al,i 2002.1 7 b
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Further studies using -®Ahleave gampnstrgtednct i on I nhi
that the impairment in the EDHpe responses imvariectomised rats were
associated with the loss of gap junction communicaton with a significant
reduction in expression of connexin 43 protglh®l et al, 2003. In forearm
bl ood flow responses of postmenopausal WOo me
estradiol enhanced the endotheldependent, AClnduced vasodiatation
(Giligan et al, 1994 Tagawaet al, 1997.
I n PCAs from femal e -estraglisl,for 24nfc ubat i on wi t
significantly reduced superoxide anion production measured using lucigenin
enhanced chemiuminescence technidGex et al, 2005. Therefore, another
possibiity which may contribute to sex differences in the vascular function is
the oxidative stress level in the vasculature. In rat isolated eawith intact
endothelum, a higher superoxide level was detected in blood vessels from
males compared to femal¢Brandes & Mugge, 1997Kerr et al, 1999. This
conclusion was further supported by a study conducted on human subjects
where a greater oxidative stress has begported in healthy young men
compared to premenopausal worrgate et al, 2002.
Studies in diabetic or hypertensive animalsimiarly reported sex
differences inendothelial function(Han et al, 2014 Loria et al, 2014. For
instance, in mesenteric arteries and thoracic @drtan streptozotocin (STZ)
induced diabetic rat both males and females demonstrated impairment in the
endothellumdependent vasorelaxation compared to their-ragiehed controls
(Han et al, 2014 Zhanget al, 2012h). However, after 8 weeks of STZ
treatment, the impairment of the endotheldapendent vasorelaxation in the

mesenteric arteries were greater in females compared to males and this was
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attributed to the shift in the relative contribution of EBJde respores to
NO-mediated responses in both sefésang et al, 2012).

In spontaneously hypertensive rats (S)R the AChinduced
vasorelaxation was significanty reduced in a®rtdOm male animals
compared to the WKY control whereas in females, no differences in the
endothelurmdependent vasorelaxation were detected between thes SHR
compared to the WKY contrgLoria et al, 2014. However, differences in the
functional response beteen SHR and WKY in males cannot be explained by
the expression and activity of the NOS proteins as a higher expression level of
NOS3 proteins has been detected in &oiam the SHR and no differences
in the NOS activity was detectdtloria et al, 2014. These authors suggested
that the reduction in thendothelurrdependent vasorelaxation in aertiom
male SHR could be related to the increased production of ROS which reduces
the bioavaiabiity of NO (Loria et al, 2014. On the other hand, in small
mesenteric arteries, an increased in Adtltuced NO production was reported

in SHRs from both sexes compared to the WKY cohifi_oria et al, 2014.
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1.6 EDH-type responses and cardiovascutaliseases

In cardiovascular diseases, endothelial dysfunctios been reported, where
the release of NGs compromisedAngulo et al, 2003 Feletou & Vanhouitte,
2009 Giligan et al, 1994. In many studies, EDHype response has been
propsed to be enhanced in diseasesx t i ng as a 6back
compensate for the loss of NO in the endothefiletou & Vanhout, 2009

Katz & Krum, 2001 McCullochet al, 1997 Miura et al, 200). However, in
some studies, a reduction in both the NO and Hpi¢ vasorelaxations were
repated in disease state includiriabees in man (Angulo et al, 2003, rat
(Brondumet al, 201Q Fukaoet al, 1997 Leo et al, 2011 Ma et al, 2013
Schachet al, 2014 and murine modelqFitzgeraldet al, 2007 Makino et al,

2008, but this observation could possibly be species, vascular bed or vessel
size specific(Angulo et al, 2003 Fitzgerald et al, 2007 Fitzgerald et al,
2005. Theefore, future work involving tissue and disease specific
pharmacological intervention to improve either the NO or the B

mediated respongs required.
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1.6.1 Atherosclerosis
As mentioned in Section 1.3.3, NADPH oxidaserived ROS have been
linked to development of atherosclerosis forming lesion in the intima layer of
the blood vessel§Lassegue & Clempus, 2003To study the role of Nox2 in
development of atherosclerosis, plagque formation along the eaasfa
Nox2/ApoE double KO werecompared with agenatched ApoE KO mice
(Judkinset al, 201Q. In this study, the area of atherosclerotic lesion formed in
the aorta of the Nox2/ApoE double KO mice were ~50% less than the lesion
formed in agematched ApoE KO mice indicating that Nox2 protein
contributes to formation of atherosclerotic lesiGludkins et al, 201Q. The
superoxide production in the aataf the Nox2/ApoE double KO mice was
also significantly reduced with an increase in NO bioavailabiity when
compared with the ApoE KO mic@ludkins et al, 2010.

As CNP has been reported to be a factor for Hijl¢ mediated
responsgChauharet al, 2003 Hobbset al., 2004 Honinget al, 2001, Kun et
al., 2008 Wei et al, 1999, ecCNP KO mice have been developed to further
characterise the effects of endothelal CNP in maintaining vascular
homeostasigMoyes et al., 2014 To study the effects of CNP on development
of atherosclerosis, the entire aorta of ecCNP KO@RBpKO mice were
compared to CNP WT/ApoE KO migdMoyeset al, 2014. The development
of atherosclerotic plaque, particularly at the aortic arch and abdominag aorta
was accelerated in ecCNP/ApoE double KO mice from both sexes compared to
the WT (Moyes et al, 2019. The development of atherosclerotic plaques
subsequently caused formation of aortic arch or abdominal aortic angurysm

observed in about 50% dfd male double KO micéMoyeset al, 2014.
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1.6.2 Diabetes
A high prevalence of erectie dysfunction has been reported in diabetic patients
and this was attributed to endothelial dysfunction associated with diabetes
(Angulo et al, 2003. In disbetic patients, impaired endothelial function leads
to a reduction in endotheliuaependent vasorelaxation the human corpus
cavernosum and in penile resistance artggmyulo et al, 2003. Consistent
with a previous study where Shimokawd al. (1996) have reported that the
EDH-type responses increase with decreasing vessel(Skzmokawaet al,
1996, Angulo et al. (2003) reported that the A@hduced vasorelaxation in
human corpus cavernosum is mainly mediated by NO whereas in penie
resistance arteries, both the N@nd EDHtype responses play a role in the
ACh-induced vasorelaxation. In diabetic patgnt reduction in the ACh
induced NQOmediated vasorelaxaton has been reported in human corpus
cavernosum, whereas in the resistance arteries, reduction in both NO and
EDH-type mediated vasorelaxations have been obsd€Amgllo et al, 2003.
Simiarly, in rat model of Type | diabetegstreptozotocirinduced) or
Type Il Zucker diabetic fatty (ZDF) rats, the A@ilduced EDHtype
vasorelaxaton and hyperpolarizaton in small mesenteric arteries were
significantly reducedBrondumet al, 201Q Fukaoet al, 1997. A later study
reported that the basal release of NO and -&Gbhced NOmediated response
were also impaired in mesenteric arteries from streptozetaticed diabetic
rat (Leo et al, 201]). These authors suggested that the impairment of the NO
mediated vasorelaxation in the diabetic rat could be associated with the up
regulation of Nox2 protein expression where an increased production of

superoxide has beentdeted in the diabetic arteriéseo et al, 201]). Despite
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reporting an impairment in the Sk and IKcgschannel mediated EDipe
responses in the mesenteric arteries from diabetic rats, an increased incthe SK
and IKc, proteins expression were obseryg@o et al, 2011). These authors
suggested that the impairment in the EDpe response could be related to
other downstream microdomaisignaling such as MEGJ communications
(Leo et al, 201). In contrast, a study from a different laboratory using
primary cultured mesenteric artery endddhe cels reported that the
impairment in the EDHype response in streptozotegwuced diabetic rats is
a result of reduction in the expression level ofcgldnd TRPV4 proteingMa

et al, 2013. Here, the discrepancy between the expression level @f SK
reported by Lecet al. (2011) and Meet al. (2013) could be due to differences
in experimental condition where cultured cells were used in the emmerim
conducted by Mat al. (2013).

In thoracic aorta isolated from streptozotoeinduced diabetic rats a
significant reduction in ACInduced vasorelaxation has been reported where
the EDHtype vasorelaxation was completely abolshed in both the diabet
and control group(Csanyiet al, 2007. These authors concluded that there
was no upregulation of the EDHype responses in the diabetic rat group.
However, as mentioned above, the lack of Epk response in both the
control group and the diabetic rat group could be due to the size ef ussd
where the EDHype response plays a greater role in smaller vessels, hence no
EDH-type responses were observed in larger ve¢Salmokawaet al, 1996.
Therefore, the discrepancies in findings between studies from different
research groups could be due to differences in experimental conditions, species

studied, type of vessels used, or age of animal (Semjerald et al, 2007%.
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In coronary arteries isolated from streptozotaaituced diabetic mice,
significant reductions in ACGIimduced vasorelaxation and EBipe medated
response were reportgtflakino et al, 200§. These authors reported that the
reduction in AChinduced vasorelaxation can be associated with the decrease
in expression of Cx37and Cx40 in the coronary arteri@®m diabetic mice
where the gap junction communication was also reported to be attenuated
using LuciferYellow assay(Makino et al, 200§. In mesenteric arteries from
nondiabetic mice, the ACIinduced vasorelaxation was mainly mediated by
EDH-type responsegFitzgerald et al, 2007. After 7 days of exposure to
streptozotocin (representing early stages of diabetes mice), Fitzgeradd.
(2007) reported that the NO activity is-upgulded to compensate the loss of
EDH-type responses in the mesenteric arteries to maintain the vascular
function. Similarly, a reduction in the functional and expression of Cx40
protein and Cx40 mRNA level were reported in mesenteric arteries from type
II diabetic ZDF rats (25veekold) (Young et al, 2008. Furthermore, a
reduction in Cx37 but not Cx43 protein and mMRNA level was reported in the
homogenates from the diabetic samgésung et al, 2009.

Interestingly simiar to Type 1 diabetic rats where an increase i IK
proteins have been reportefleo et al, 201), a different study using
mesenteric arteries from MBeekold ZDF rats simiarly demonstrated an
increase in llka MRNA and protein expression levegSchachet al, 2014.
Indeed, a previous study reported that NS309 (1 uM), a selectivg &id
IKca channel activator can restore the Aiftluced endotheliurdependent
and EDHtype mediated vasorelaxation in mesenteric arteries from ZDF rats

(Brondum et al, 201Q. These authors reported no differences in protein
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expression of SK, channels between ZDF and ZL rats and suggested that the
endothelial dysfunction in ZDF rats is due to changes in the vascular function

rather than changes in the proterpression leve(Brondum et al, 2010.

1.6.3 Hypertension

Early studies have shown that inhibition of NOS increases bjoedsure in
mice and further knockout of the eNOS gene in mice abolshed the ACh
induced vasorelaxation in the a@téHuanget al, 1995. The mean arterial
pressure in eNOS KO mice was also significantly higher than the WT mice
(Huang et al, 1995 Sheselyet al, 1999. Other study using SK/IK cs
deficient mice reported @ the mean arterial pressure was significantly higher
than the WT mice indicating that the &HK 4 channels, which is involved in
the o6éclassicald EDH pathway play a
vascular tongBrahler et al, 2009.

In monocytes from SHRs, an upregulaton of TRPC3 channel
expression level with significant increase in calcium influx compared to
nomotensive WistaKyoto rats (WKY) has been previously report€tiu et
al., 2005. Simiarly, in VSMCs and aortic tissues from S$iRhere was an
increase in TRC3, but not TRPC6, expressidevel when compared to the
WKY (Liu et al, 2009. The increase in TRPC3 expression level in the
VSMCs from SHR was reported to be associated with the increased in
angiotensin  Hinduced calcium influx and with a significantly greater
angiotensin Hinduced contractiorcompared to the normotensive WK(Xiu et
al.,, 2009. Long termin vivo treatment in these SHRfor 4 weeks with

telmisartan, an angiotensin 1l ATreceptor antagonist, but not amlodipine, a
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calcium channel blocker significantly reduces the TRPC3 expression(lavel

et al, 2009. Results from these animal studies were in agreement with studies
using isolated vascular endothelum of preglomerular arteries from patients
with malignant hypertension, where a higher level of TRPC3 protein
expression has been reportérthio et al, 2009. Therefore, TRPC3 channels
could be of potential target for future drug treatment of hypertension.

In human studies, a significantly higher amount of plasmgO,H
production was reported in subje with essential hypertension compared to
normotensive subjectfLacy et al, 2000. This observation may be related to
the NADPH oxidase phitvay where a different study using human resistance
arteries (<300 pM in diameter) isolated from subcutaneous fat reported that the
angiotensin Hinduced ROS generation was significantly greater in VSMCs
isolated from hypertensive patients compared tomatensive subjects and
this ROS formation was sensitve to DPI, an inhibitor of the NADPH oxidases
(Touyz & Schifirin, 200). Therefore, apart from the N@®ediated pathway,
the EDHtype responses or the NADPH oxidase path may be potential

targets for treatment of hypertension.
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1.7 Alms

Although previous studies have demonstrated clear sex differences in
endothelial function, most current cardiovascularstudies are conductedn
either male only animals or animals from both sexes. This could be one of the
possible explanations for contradictofindings between studiesTherefore,

the principal aim of the present study was to elucidate whether the effects of
sex in PCAs from male and female pigs contribute to any differences on
endotheliurdependent vasorelaxation.

In the present study, Dbradykinin, an endotheligpendent
vasorelaxant was mainly used isometric tension studies in the presence of
various inhibitors. In some studies, Western immunoblotting was used to
compare protein expression levels in PCAs from male and female pigs. The
aims of the present study include the following;

2 In preliminary s$udies, the effects of various endotheldependent
agents including substance P, carbachol and bradykinn on PCAs were
investigated. Next, sex differences in the EBpe response were investigated
using LNAME and indomethacin to inhibit the synthesif ritric oxide and
prostacyclin. The study was then extended to investigate if endogen@is H
gap junction communicatisn SKca, andor IKca channels play a role in
endothelumdependent and EDKype responses in PCAs from male and
female pigs.

2 As HO, has been detected in various pathological states and has been
reported to be a factor for ED#ipe response, present study examined the
mechanism of action of exogenous@4 on PCAs using various potassium

channel inhibitors.
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[} Hyperoxic gassing conditons have been regularly used in isometric
tension studies. High amount of superoxide generated in the buffer may
inluence pharmacological responses. Here, the effectsthef antioxidant,
Tiron® on endotheluntdependent vasorelai@t were examined under
different gassing condition95% /5% CQ or 95% air/5% CQ) in PCAs

from male and female pigs

[} One of the sources for generation of endogenog®,Hs through the
NADPH oxidase (Nox) system. Previous studies have reported rgreate
oxidative stress in males compared to females. Therefore diffierences in

the role of Noxgenerated ROSh the endothelurdependent and EDiype
responses were investigated.

[} Given that TRP channels have been reported to play a role in
endothelumdependent vasorelaxation, sex differences in the role of TRP
channels in endotheliwalependent, EDHype responses and ,8h-induced
vasorelaxation in PCAs from male and female pwgsre examined in the
present studyusing a range of selectve and rselectte TRP channel

antagonists.
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Chapter 2

Vascul ar responses | N
coronary arteries and
endot hel i al f ung£s, 1 ogna:p
juncti onrgL hamaddells
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2.1 Introduction

Regulation of vascular tone is controled by endotheti@rived relaxants
including nitric oxide (NO) (Furchgott & Zawadzki, 1980 Palmer et al,
1987, prostacycln (PG) (Moncadaet al, 197§ and endotheliurdependent
hyperpolarizaton (EDHjype mechanismgEdwards et al, 201Q Feletou &
Vanhoutte, 2013 Taylor & Weston,1988. As mentioned under Section 1.2
about the two different categories of Efyfbe responses, this aim of this
chapter was to examine the role of different factor(s) which have been
proposed to & putative factor for EDHype response released by bradykinin
including K* ions which is mediated througthe SKca, and IKca channels,
myoendothelial gap junction communications and hydrogen peroxid®-)H
(Edwardset al, 201Q Hayabuchiet al, 1998 Shimokawa, 2010Yadaet al,
2003. H,O, has been reported to act as a factor responsible for BDH
porcine coronary arteries, human, murine and rat mesemtdedes (Matoba
et al, 2002 Matobaet al, 2003 Matoba et al, 200Q Whealet al, 2012 (for

a review see Shimokawa, 2Q1lMowever, the responses to®p may vary
between species, vascular beds and experimental condias/tor et al,

2003 Gluais et al, 2005k Lucchesiet al, 20035.

Cardiovascular risk in men and postmenopausal women is higher than
premenopausal women and sex differences in endothelial functon have been
suggested(McCulloch & Randall, 1998 Vilar et al, 200§. To date, most
studies on endothelial function have been conducted on either arteries from
male animals onlyEdwardset al, 1998 Garry et al, 2009 Harris et al,
200Q Leunget al, 2006 Matobaet al, 2003 or from both sexe¢Chadhaet

al., 2011 Edwardset al, 200Q Huanget al, 2011 Quignardet al, 1999
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Yang et al, 2003. However, previous studies have demonstrated clear sex
differences in ascular function of the EDimhediated pathwayffor review see
Feletou & Vanhoutte, 20Q6Vilar et al, 2009. EDHtype responses have
been reported to be upgulated to compensate for the loss of (M Culloch

et al, 1997 Whealet al, 2012 Yadaet al, 2003 and this compensation was
greater in femalegompared tomales (McCulloch & Randall, 1998; Whitest

al., 2000Q. Furthermore, in endothelial NO synthase and eggienasel
(eNOS/COX1) doubl e knockout mi c e ( 6EDH
hypertensive while female mice were normotensive with greater endothelum
dependst vasorelaxation in female mig&cotlandet al, 2005. However, in

rat cerebral arteries, the EBtiype responses were greater in males compared
to females(Sokoya et al, 2007. In a previous study on mesenteric arteries
from rats, the EDH-type responses in females were partly dependesm
increased expression of €% which was driven by oestrogghiu et al,
2002.

The aim of this chapter wa$o investigate the roles and relative
contributons of NO, PGl and EDHtype responses inporcine isolated
coronary arteries(PCAS. The study was then extended to investigdie t
effects of sex differences on endotheldependent vasorelaxation SfCAS
specificaly the role of gap junction communicasiorendogenousH,O, and

calciumactivatel potassium channels indalykinininduced vasorelaxation.
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2.2 Materials and methods

2.2.1 Preparation of rings of distal PCAs

Hearts from male and female pigs (large white hybrid pigé, whonths old,
weighing ~ 50 kg)were colected from a locabattoir and transported to the
laboratory in icec ol d mo d i-Henselit sdlutioe (1836mM NaCl, 4.8
mM KCI, 1.1 mM MgSQ, 25 mM NaHCQ, 1.2 mM KHPO,, 11.6 mM D
glucose, 1.25 mM Cag)l previously gassed with 5% GGand 95% Q. The
distal part of tB coronary artery was then dissected and placed in 2% wiv
Ficoll -HemseleK sottiors for overnight storage at 4°C. The 2% wiv
Ficoll component was added to minimise osmotic sweling. The following day,
tissues were finely dissected, cleaned ofeagifit connective and fatty tissues.
PCAs were then cut into rings of about 2 mm in length and mounted in a
multichannel wire myograph (Model 610M, DMT, Aarhus N, Denmark)
(Figure 2.1) f i-Hehselgit soltiort dassesl witm95%#&¥% e b s 6

CO, andmaintained at 37°C.

Figure 2.1 A multichannel wire myograph.
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Here, be distal part of the PCAs was used because it has previously
been reported that the EDH response is greater with decreasing vessels size
(Shimokawa et al, 1996 and the number ofmyoendothelial gap junctions
appears to be greater in the distal part of the rat mesenteric arteries compared
to the proximal(Sandow & Hil, 2000. The mean vessel size of PCAs from
female pigs (0.86 £ 0.02 mm) did not differ significantly from the mean vessel
size of male pigs (0.89 £ 0.02 mm)-f2ai | e d, unp &test).e d St
Seasonal variations in pig responses were not factored into the present study
design but each set of experiment has been carried out with an internal,

contemporaneous control.

2.2.2 Wire myography

To determine the basal optimal tension, vess@&sinted in the wire myograph
were placed at baseline tensions from 9.81 mN to 68.67 mN and were left to
equiibrate for approximately 30 min. Tension was measured and recorded
using a PowerLab recording system (ADInstruments, Oxfordshire, UK). After
30 min of equilbration, contractile responses to 60 mM KCI were determined

and were analysed.

Subsequent vessels were then set at a baselne tension of 24.5 mN
which was the optimal tension for KCI contraction and left to equilbrate for
approximately 30 min.The vessels were then challenged with the addition of
60 mM KCI twice and following this the vascular tone was then raised to about
50-80% of the second KCI contraction tone by the addition of the thromboxane
A> mimetic, U46619 (1 nM- 90 nM). Once stabletone was achieved,
concentratiorresponse curves to carbachol (1 iMLO pM) and two different
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endothelumdependent vasorelaxants, substance P (0.017nM nM) and
bradykinin (0.01 nMi 1 pM), or the nitric oxide donor, sodium nitroprusside
(30 nM 1 30 pM) or NS309, §,7-Dichloro-1H-indole-2,3-dione 3oxime), a
positve modulator of SKcy; and IKca channels (Brondum et al, 201Q
Dalsgaardet al, 2009 Leurangueret al, 20083 (0.1 M i 0.1 mM) were
constructed. To examine the selectivity of NS309, es@xperiments were pre
contracted with 60 mM KCI with their respective controls raised to the same
tone with U46619.

Al inhibitors were incubated with the tissues for 1 h before- pre
contraction with U46619 -edradolépltet af, or experimer
1995 Cox et al, 2005 Teoh & Man, 2000 which were incubated for 2 h (1
nM) or 4 h (1 pM). Vasorelaxation to bradykinin was studied in the absence or
presence of Rniro-L-arginine methyl ester (NAME) (300 pM) which is a
NO synthase inhibitor to deteine the NOmediated componerfRandal &
Grifith, 1991). Indomethacin (10 pM) was used to inhibit the synthesis of
prostanoids. In some experimeng®lyethylene glyol (PEG)catalase (300
Um) (Hedegaardet al, 201]) was added to elminate intracelular hydrogen
peroxide. To sty the role of gap junctionsponselective gap junction
inhibitors carbenoxolone (100 pM)Harris et al, 2002 Tang & Vanhoultte,
2009 and1 8-gyc yr r het i n-GA) (180cuMyl(Kelnt e8 &1, 2002h
Matoba et al, 2003 were used. Apamin (500 nM) and TRAI@4 (10 pM)
(Gluais et al, 20053, small (Skeg) and intermediate (lkg) - calcium activated
potassium channel inhbitors, respectively, were used to study the rolé of K

channels in the bradykinimduced vasorelaxation.
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The concentration of U4661%sed was significantly higher in the

presence of INAME, indomethacinwith carbenoxolone in PCAs from male

and femals (P<0.01) and in the presence ofUlBA in PCAs from males

(P<0.05) (Table 2.1A).

The concentraton of U46619 used wadso

significantly higher in the presence otNAME, indomethacin with 18GA

in females(P<0.01)or in the presence of 1 uM h+stradiol in males (P<0.05)

(Table 2.1A). The concentration of U46619 used was the same under all other

conditions (Table2.1A and 2.2A). The level of tone achieved with U46619

was the same under adonditions in PCAs from maleand femals (Table

2.1B and2.2B).

A Concentration of

L-NAME, indomethacin

U46619 (nM) Control Inhibitor Control Inhibitor
PEG-Catalase | Male | 11.0+16 12.8+4.1 156 +1.8 16.5+ 3.0
Female| 15.6+2.2 15.1+1.8 28.6+ 7.7 18.9+ 3.3
Carbenoxolone | Male | 11.1+2.0 103+ 34 15.0+1.5 308+ 116**
Female 3386 +
14.0+24 173 + 69 266 +7.1 175 %+
1 8-GA Male | 185+2.7 77.8+26.2*| 20.8+2.2 40.7 £ 5.3
Female| 17.7+19 413+116| 23.0+1.9 59.3+8.7*
InM'1 7-b 147+18 155+38
estradiol Male
10M 17 783+1.54 10.9 +1.2*
estradiol

Table 2.1 Summary of(A) concentration of U46619 used (nhh)the presence
or absence of 300 pM-NAME and 10 pM indomethacin with or without 300
UmL! PEGc at al as e,
17b-estradiolin porcine coronary agties from male and female pigSata are

100

oM

c aGA) & mvbax b Vb n e,

expressed as mean S.E.M. of 615 experiments. *P<0.05, **P<0.01; ene
foll owe gost bog tesB orrRftaded, rparedi 6 s

way

ANOVA

St udeéeterst. 6 s
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L-NAME,
B % Kclresponse indomethacin
Control Inhibitor Control Inhibitor
G Catalce | MA€ | 68835 70.9+21] 66130 659:30
Female | 68.8+3.0 71.2+39| 67.4+33 69.9+27
. | Male | 71.4+43 67.3+3.4| 69.7+3.3 557+4.6
Carbenoxolone | oo e | 68.7+3.2 64.3+2.6| 674433 554+74
L 8.8 Male | 65.8+5.6 70+6.2 | 63.67 +7.8 62.83 +5.0
Female | 58.7 +4.0 64.0+4.1| 60.8+32 67.0+5.3
InM17 - 532+ 0.6 56.8 2.2
estradiol
M7~ | Mae
 radol 58.0+3.4 635+5.9

Table 2.1 Summary of (B) thdevek of tone achieved with U46619 expressed

in percentage to the second Kiluced tone in the presence or absence of
300 pM L-NAME and 10 pM indomethacin with or without 300 UthIPEG

100 OM carGebhoMolbpeld 100

estradiol in porcine coronary aties from male and female pigs. Data are

catal ase, OM 180U

expressed as meanS.E.M. of 615 experiments.

A Conce niration L-NAME, indomethacin
. Apamin,
of U46619 (nM) Control TRAM -34 Apamin TRAM -34
Male 12.1+1.3 16.7x45 116+1.7 11.8+1.7
Female 19.0+ 3.3 12+ 2.7 21.3+6.6 18.7+x3.6
B use619 L-NAME, indomethacin
induced tone (% _ : Apamin,
KCI response) Control TRAM -34 Apamin TRAM -34
Male 720+46 66.3+52 759+48 678144
Female 79.2+54 67.0x77 73.1+x75 66.3%5.9

Table 2.2 Summary of(A) concentration of U46619 used (nM) and (B) the
leveb of tone achieved with U46619 expressed in percentage to the second
KCl-induced tone in the presence or absence of 300 {WAME and 10 pM
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indomethacin with or without 10 pMIRAM-34 and/or 500 nM apamin in

porcine coronary agties from male and female pigs.

2.2.3Westem Blotting
Western Blot studies were carried out to determine the relative expression
levels of connexin 37, 40, 43 and dKbetween PCAs from male and feenal
pigs. PCAs from male and female pigs were finely dissected and cut into rings
of about 1cm in length. Vessels were then gassed with 5% & 95% Q in
K r e-blen€eleit solution at 37°C for A The method described below is the
resutt of substantial ethod development including different batches of
antbodies and different lysis buffers. Results of these developments are
included in the AppendibB. For detailed contents of the buffers and chemicals
used for Western blot, please refer to Appenlix

Segments (designated F1F5 for samples from females and MIM5
for samples from males) were homogenised on ice in lysis buffer (80 mM
s o d i tggcerophosphate, 20 mM imidazole, 1 mM dihiothreitol, 1 mM
sodium fluoride, pH7.6) containing protease ibbib cocktail (Calbiochem,
VWR International Ltd, Lutterworth, Leicestershire, UK). Protein
concentrations of the supernatants were determned by Bradford method
(Bradford, 197% using bovine serum albumin (BSA) to generate the standard
curve (2, 1, 0.5, 0.25, 0.125, 0 mg/mL). In duplicates, 10 pL of supernatants
(diuted 1:5 or 1:10) followed by 40 pL of Bramtl reagent (BicRad, Hemel
Hempstead, Hertfordshire, UK) were added into aw@® plates. 150 pL of
distiled water was then added into each wel to make up a final total volume
of 200 pL. The intensity of the absorbance value of 595 nm was then measured

using a SpectraMAX 340 PC microplate reader (Molecular Devices,
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Wokingham, Berkshire, UK) Protein concentrations of the samples were
extrapolated from the BSA standard curve.

Samples (FIF5 and M1M5) were diuted 1:1 in 2x Laemmli sample
bufier and heted at 95°C for 5 min. After centrifugation at 13,000x g for 1
min, 5 pg of protein were loaded on a280% MintPROTEAN TGX precast
gel (Bio-Rad, Hemel Hempstead, Hertfordshire, UK). Gel was ruboétV for
5 min folowed by 175V for 45 min in 1X electrphoresis buffer Appendix
A) and was then transferred onto nitrocelulose membrane (GE Healthcare,
Litte Chalfont, Buckinghamshire, UK) using a Biad minitransblot at 100
V for 1 h in transfer buffer (Appendix A The nitrocellulose membrane was
then blocked with 5% w/v noifat mik (The CoeOperative instant dried
skimmed mik, Manchester, UK) in trisuffered saline containing 0.1%
Tween 20 (TBST) for 1 h at room temperature with shaking befoxernight
incubation with mouse monoclonal a@t-43 anibody (C8093 Sigma
Aldrich) (1:1000) and mouse monoclonal antiosin light chain (MLC)
antbody (M4401 Sigma&ldrich) (1:500) diuted in 5% w/v noffat mik at
4°C with shaking. The immunoblot was then washed three times for 15 min
each wash with TBS then incubated with secondary antbbody IRDye 800CW
Goat antimouse IgG (1:10,000) (LCOR Biosciences, Cambridge, UK)
diuted in 5% w/v noffat mik for 1 h at 37°C.This was followed by another
three tmes 3 min washing with TBST buffer. The immunoblot s then
visualised using a ECOR Odyssey Infrared Imaging Scanner and densities of
the bandswere determined using Odyssey (Application Software Version 3.0

LI-COR Biosciences, Cambridge, UK).
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Due to the high concentration of proteins required for alleroth
antbodies, samples (designated-FFB) and M6M10) were prepared in a
slightly modified protocol. Samples (H6L0 and M6M10) were homogenised
on ice in lysis buffer (20 mM Tris, 1 mM EGTA, 320 mM sucrose, 0.1%
Triton X100, 1 mM sodium fluoride, 10 mMosd i u-glycerphosphate,
pH7.6) containing protease inhibitor cocktail (Calbiochem) folowed by
centrifugation at 3,000x g for 5 min at 4°C (Hermle LaborTechnk Z216MK,
Wehingen, Germafy Supernatant of the samples were then solubiised in 6x
solubiisaibn buffer and diuted to 1 mg/ml of protein with 1x solubilisation
buffer. Samples were then heated at 95°C for 5 min folowed by centrifugation
at 13,000x g for 1 min before loading to the precast gel.

The amounts of protein concentration loaded witle tespective
dilution of antbody used were as followed; for connexin 40, 10 pg of PCAs
samples with 20 pg of pig kidney (PK) lysate used as positive control were
incubated with rabbit polyclonal amwonnexin 40 - aminoterminal end
antbody (ab38580 Abcdn Cambridge, UK) (1:100) and mouse monoclonal
anttGAPDH antibody (G8795 SigmaAldrich) (1:40,000). For connexin 37,
15 pg of PCAs samples with 20 pg of pig (PK) and rat (RK) kidney lysate
used as positive controls were incubated with rabbit polyclam#GJIA4
antbody (C15878 Assay Biotech, Stratech Scientific Limited, Suffolk, UK)
(1:500) and mouse monoclonal amtActin antibody (A2228 Sigmaldrich)
(2:40,000). For Ik, 15 pg of PCAs samples with 10 pg of pig kidney lysate
used as postive coolr were incubated with mouse polyclonal ¢0€NN4
antbody (HO000378B01P Abnova, Taipei, Tawan) (1:500) and mouse

monoclonal antiGAPDH antibbody (G8795 Sigmaldrich) (1:40,000). For all
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antibodies, the blocking and washing steps used were as desaobee and
the same secondary antibody, IRB\#00CW Goat antimouse IgG (1:10 000)
(LI-COR Biosciences, Cambridge, UK) were used for-matise antibbody and
IRDye® 680LT Goat antrabbit IgG (1:10 000) (LCOR Biosciences,

Cambridge, UK) for antiabbit antibody.

2.2.4 Polymerase chain reaction (PCR) amplification of the Sry gene for

seX identification

2.2.4.1 DNA extraction from porcine tissue

Tissue samples were collected from respective pig hearts used for myograph
and Western Blot study. In betweercleaample, the scissors and forceps were
rinsed with 70% industrial methylated spirit (IMS) followed by plenty of -Mili

Q water to minimised contamination between samples. DNA samples for the
polymerase chain reaction amplficaton (PCR) was extracted from
approximately 2mn? of respective heart tissue using 200 pL of lysis buffer
(50 mM KCI, 10 mM TrisHCI pH8.3, 0.45% v/iv Nonidet P40, 0.45% viv
Tween 20- fitered through a 0.2 pm Sartorius MiniSariter) and digested

with 5 pL proteinase K (20 mg/mliSamples were incubated at 37°C for 3 h
until tissues were fuly degraded. Samples were then heated to 95°C for 10 min
in a heating block to inactivate proteinase K. Method was adapted from Bryja

& Koneédn (2003).
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2.2.4.2 PCR amplification of the pig tisses for sex identification

Primers that amplfy the 16Bp region of theSry gene were adapted from
Pomp et. al, (1995) wi t h t he 56 -5upg¢biodBeam
TGAACGCTTTC AT TGTGTGGTEG3 6 ) and 36 downs3tream
( SABGAGGCA CAGA GGCTACAGGG3 0 ) e 447M445bp region of the
Zfy-Zfx genes taken from Aasen & Medrano (1990) were used as positive
control for successful PCR amplificatiofBryja & Konean, 2003 Henrique
Siva et al, 2007 Pomp et al, 1995 - 56 upstream prim
ATAATCACATGG AGAGCCACAAGCT-3 0) and 36 downstrea
GCACTTCTTTGG TATCTGAGAAAGT3 6 )For PCR analysis of a
successful amplification in male samples, bands represerfyn@f¥ (positive
control) andSry band should be visible whie in female samples only the Z
Zfx (positive control) band should be detected. The-ZEx band should be
fainter in males compared to females because of the comp8ipg
amplification system in mas.

The amplifications were performed in the following conditons: 1 pL
SRYB primers, 1 pLZfy-Zfx primers, 200 pM dNTPs, 1 U Phusion DNA
polymerase, and 5 pL of tissue lysate in a 50 pL reaction volume (method
adapted from PCR guidelnes from NEB Phu8iorligh-Fidelty DNA
polymerase). Al reacton was assembled on ice and the Phusion DNA
polymerase was added last to prevent any primer degradation caused by
exonuclease activity. The cycling conditions were 30 cycles of denaturation at
98 °C (1 min), anneiab at 54°C (1 min) and extension at 72°C (1 min). The
PCR amplificatons were performed in SensoQuest Thermocycler (Geneflow

Limted, Staffordshire, UK). Folowing PCR amplfications, 5 pL samples
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were mixed with 5 pL of distiled $O and 2 L 6x loadinduffer and 10 pL

of samples were loaded into a 1.5% ethidium bromide stained agarose gel.

2.2.4.3 Optimisation of the PCR conditions using purified or unpurified
DNA samples, varying annealing temperature and concentration of

magnesium chloride

To optimiee the PCR protocol, a range of annealing temperatures (42°C, 45°C,
50°C, 54°C) and different concentrations of Mg@lere examined (1.5 mM,

20 mM, 2.5 mM). PCR amplification using purified and unpurifiiNA
samples were also compared. DNA samples were purified using DNeasy
Tissue Kit (Qiagen, Manchester, UK) following protocol from the DNeasy
Tissue Kit Handbook. Briefly, 180 (L tissue lysate was added with 200 pL AL
buffer, votexed and incubated at 70f@ 10 min. 200 L of ethanol was then
added and sample was vortex and transferred to a spin column and centrifuged
at 8000 rpm for 1 min (GenFuge 24D, Progen, Mexborough, UK). Flow
through were discarded and 500 y. AW1 buffer was added and sample was
cerrifuged again at 8000 rpm for 1 min. Flow through was discarded and 500
uL of AW2 buffer were added and sample was centrifuged at 13 000 rpm for 3
min. The spin column was then transferred to a 1.5Bppendorfand 200 L

AE buffer were added into the sptolumn and incubated at room temperature
for 1 min. Puriied DNA sample was finaly eluted by centrifuging at 8000 rpm
for 1 min and concentraton of DNA was measured using NanoDrop 2000
spectrophotometer  (Thermo  Scientiic, Fisher Scientfic UK  Ltd,

Loughborough, UK).
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2.2.4.4 The effects of running singleplex or duplex PCR amplification

The Sry gene was amplified in either singleplex or duplex PCR reaction using
two sets of primers. In singleplex reaction, amplificaton of the two sets of
primers was arried out in separate PCR tube whereas in a duplex PCR
amplification, the 447/44Bp regions of theZfy-Zfx genes were campliied

with the SRYB primers.

2.2.5 Statistical analysis

Data are presented as mean percentage relaxation of U#6kE8d tone
with standard error of the mean (S.E.M.) andbeing the number of separate
animals. The concentratioesponse curves were fited to a sigmoidal curve
with a variable slope using fogarameter logistic equation in GraphPad Prism
(Version 6, GraphPad Softare, La Jolla, Calfornia, USA The maximum
percentage relaxation (&) and the negative log of concentration required to
produce half the maximal relaxation of the induced tones{E@ere calculated
by fitting the data to the logistic equation:

R = Ryax* A™
ECSOnH + AnH

where R is the reduction in tone,R is the maximum vasorelaxation of the

established tone, A is the concentration of the vasorelarbhtis the slope

function and EGp is the concentration of theasorelaxat required to produce

half the maximal relaxatiofMcCuloch & Randall, 1998 Data were analysed

using 2t ai | ed, paired a-test 10 ncorapare aliterenced ud e n
between 2 groups (tissue segteeffrom the same anmal). In 3 or more

groups, onevay ANOVA was used and significant differences between
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groups were det eost modiestbRraludd @mldsethan 0.0651 0 s

were considered statistically significant.

2.2.6 Drugs and chemicals

Al drugs were purchased from Sigmddrich (Poole, Dorset, UK) except for
apamin and NS309 from Tocris Bioscience (Bristol, UK). Stock solutions of
carbachol, substance P, sodium nitroprussid&nitio-L-arginine methyl ester
(L-NAME), PEGecatalase, cadnoxolone, and apamin were dissolved in
distiled water. Stock solution of indomethacin was dissolved in absolute
ethanol whereas TRAMS 4 , -glifcfrbktinic acid and NS309 were dissolved
in DMSO. 10 mM stock solution of bradykinin was made in water wihi@é- b
estradiol and U46619 thromboxane,-Aimetic were made in ethanol. Al
further dilutions of the stock solutions were made using distiled water except
for NS309 which was further diuted with DMSO to 10 mM, 30% DMSO to 1
mM and distlled water to 0.1 mMPrimers for PCR amplifications were

ordered from Eurofins Genomics (Ebersberg, Germany).

56



2.3 Results

2.3.1 Optimal tension in porcine distal coronary arteries (PCAs) for
contractile responses

Segments of porcine distal coronary arteries mountedwirea myograph were
subjected to increasing amounts of tension. Tissue segments were then allowed
to recover before the contractie responses to 60 mM KCI were measured.
Inially an increase in the contractie response was observed with a mean
maximum comaction of 22.0 + 5.0 mN obtained at tension set at 19.6 mN.
The response obtained with 60 mM KCI then decreased with increasing
amounts of tension applied (Figure 2.2). Based on these observations, the

average of 24.5 mN tension was used in subsequestiregots.

15-

Contraction (mN)
N
Q@

0 20 40 60
Tension (mN)

Figure 2.2 The effects of increasing tension (mN) on the contractie response
to 60 mM KCI in porcine distal coronary arteries from male and female pigs.
Data points are expressed as a change in tension (mN) and are mean + S.E.M.

of 3-12 experiments.
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2.3.2 Vascular effects of carbachol, substance P, bradykinin and sodium
nitroprusside in porcine distal coronary arteries (PCAS)

Carbachol produced concentratdependent contractions with a pfCof
6.36 + 0.31 and a maximum responsgRof 143 + 43%,n=5 (Figure 2.3).
In contrast, substance P produced concentrdpendent vasorelaxations
with an Ryax of 86.6 = 8.1% (pE€ = 9.71 = 0.12,n=4) (Figure 2.4A).
Similarly bradykinin also producedelaxations described by R of 99.9 +
5.4% and pEGy = 8.57 = 0.14 1f=4) (Figure 2.4B). Sodium nitroprusside
(SNP) caused a concentratidapendent vasorelaxation with agRof 107 +

13% and pEG = 6.46 + 0.211{=5) (Figure 2.4C).

1801
1501
1201

901

601

Contraction
(% U46619-induced tone)

301

log M [carbachol]

Figure 2.3 Log concentratioiresponse curve to carbachol in U46619- pre
contracted porcine coronary arteries from male and female Pigtga are
expressed as a percentage change from the U4deéd&d tone and are mean

+ S.E.M. d 5 experiments.
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Figure 2.4 Log concentratiomesponse curves for the vasorelaxant effects of
(A) substance P, (B) bradykinin and (C) sodium nitroprusside in U46619 pre
cortracted porcine coronary arteries from male and female pigs. Data are

expressed as a percentage change from the U4661&d tone and are

means = S.E.M. of-% experiments.
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2.3.3 The effects of INAME and removal of the endothelium on
bradykinin -induced vasorelaxation in PCAs from male and female pigs

In PCAs from pigs of either sex, bradykinin produced concentrdémendent
vasorelaxations. Under control conditions the maximum bradyikehirced
vasorelaxation was 89.7 = 3.3% with pgG 8.46 £ 0.08(n=12). In the
presence of 30@M L-NAME (Figure 2.5) the responses to bradykinin were
significantly inhibited such that the maximum relaxation weduced to 53.4 +
4.7% (P<0.01 (pEGso = 7.99 = 0.17,n=12). The presence of 30M L-
NAME also significarty shited the curve -3old to the right (P<0.05).
Removal of the endothelum abolished the bradyiminced vasorelaxation
and a smal contraction (12.9 + 4.0%) was uncovered {pEC7.67 + 0.70,

n=4) (Figure 2.5).

-30 1T
-@ Control (n=12)

4 L-NAME (n=12)

-6~ Endothelium denuded (n=4)

30 1

Relaxation
(% U46619-induced tone)

60 1

90 A

-11 -10 -9 -8 -7 -6
log M [bradykinin]

Figure 25 Log concentratiommesponse curves to bradykinin in the absence and
presence of 300uM AINAME or endothelium denuded tissue in U46619-pre
contracted porcine coronary arteries from male and female pigs. Data are
expressed as a percentage change from U4B@816ed tone and are mean +
S.E.M. d 4-12 experiments. **P< 0.QR-tailed pairedSt u d etfiestd s
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2.3.4 The effects of INAME and/or cyclooxygenase inhibitor
indomethacin on bradykinin-induced vasorelaxation in PCAs from male
and female pigs

In PCAs from either sex, the presence ofNAME alone significantly
inhibited the maximum bradykinimduced vasorelaxation from 89.7 + 3.3%
(PEGs0 = 8.46 + 0.08n=12) under control conditions to 53.4 + 4.7% (BEE
7.99 £+ 0.17,n=12) (P<0.0001) in the presencé L-NAME (Figure 2.6). The
presence of indomethacin alone had no effect on the bradykinioed
vasorelaxation producing an,g of 89.5 + 2.9% (pE6y = 8.23 = 0.07n=11)
and the additional presence of indomethacin tNAME had no further effects
on he Rnax or pEG of the bradykinininduced vasorelaxation compared to L

NAME alone, producing an 3xof63.5 £ 7.4% (pE€y= 7.58 + 0.20n=12).

° -® Control (n=12)

g 0l g B LNAME (n=12)

E -k Indomethacin (n=11)
S o ¥ L-NAME, indomethacin (n=12)
2 2 307
= T
T c
x T
g )

— -
e 2 60

© ko

<

)

S 901

-11 -10 -9 -8 -7 -6

log M [bradykinin]

Figure 2.6 Log concentratiommesponse the vasorelaxant effects of bradykinin
in the absence or presence of 300 PMNAME and/or 10 pM indomethacin in
U46619 precontracted porcine coronary arteries from male and female pigs.
Data are expressed as a percentage cHemgeU46619induced tone and are
mean + S.E.M. of 1112 experiments. ****P<0.0001; oreay ANOVA
foll owed byposBloaester r oni 0s
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2.3.5 The effects of sex on EDIype vasorelaxations

In PCAs from male and female pigs, bradykinin producesimparable,
concentratiordependent vasorelaxant effects (Figure 2.7A) described Ry R

of 91.4 + 3.4% and pE§ of 8.50 + 0.08 1t=8 in females) and Rux of 91.9 +

3.4% and pEEp of 8.38 £ 0.08 {=12 in males). In either sex, the presence of
L-NAME and iddomethacin significantly reduced the bradykinduced
vasorelaxation compared to controls. The reduction in vasorelaxaton was
significantly (P<0.05) greater in males{f = 45.0 + 7.9%, pE€ = 7.33 +
0.27,n=11) compared to females {& = 66.8 + 6.2%, pE§ = 7.65 = 0.16,

n=8). The bradykiniinduced vasorelaxation in arteries from both male and
female pigs was shited significantly to the right in the presence-NAME

and indomethacin compared to their respective control respons@s0%p<
Original traces showing the tissue responses with increasing concentrations of

bradykinin are shown in Figure 2.73dC.
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Figure 2.7 (A) Log concentratioilresponse aues for the vasorelaxant effects

of bradykinin in the absence or presence of 300 PMIAME and 10 pM
indomethacin in U46619 preontracted porcine coronary arteries from male

and female pigs. Data are expressed as a percentage change from-U46619
induced one and are mean + S.E.M. ofl2 experiments. Original traces

showing the responses to increasing concentration of bradykinin in the (A)
absence or (B) pressm of LNAME and indomethacin P<0.05,
***+*P<0.0001;oneway ANOVA f ol | owepdsthdctgst Bonf er r o
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2.3.6 The effects of In M  Zestfadiol in the presence of ENAME and
indomethacin on bradykinin-induced vasorelaxation in PCAs from male
pigs

To examine if the enhanced EBHediated vasorelaxation to bradykinin

observed in PCAs from female pigs was due to exposure to oestthigen,

study explord t h e acut e effects of exposure t

estradiol (1 nM) in the presence ofNAME and indomethacin on PCAs from
mal e pi gs. Her e, -estrhdiol hadr re s affects eon tlef
bradykinirinduced vasorelaxation such that thg,Runder control condition
was 71.2 + 9.4% (pE&G = 7.79 + 0.29,n=6) compared to a maximum
relaxation of68.5 + 6.7% (pEGp = 7.66 + 0.20n=6) in the presence of 1 nM

1 7-éstradiol (Figure 2.8).

M ale

-~ L-NAME, indomethacin (n=6)
L-NAM E, indomethacin,
1nM 17b-estradiol (n=6)

201

40 1

Relaxation
(% U46619-induced tone)

60 1

80 1

100 T T T T T T

log M [bradykinin]
Figure 2.8 Log concentratiommesponse curves for the vasorelaxant effects of
bradykinin in the presence of 38 L-NAME, 10 pM indomethacin and 1
n M lestfadiol (2 h incubation) in U46619 peentracted porcine coronary
arteries from male pigs. Data are expressed as a percentage change from
U46619induced tone and are mean + S.E.M. of 6 experiments.

64

1760

(0]

oW



2.3.7 The effects of JuM 17 Eestradiol in the presence of ENAME and
indomethacin on bradykinin-induced vasorelaxation in PCAs from male
pigs

As the exposur eestradiol hatl nonefiéct onf the bradykinin
induced vasorelaxation in the presence oNAME and indomethacin,a
higher C 0 nc e-edtradialt (1 W) wasfusedl AH some of the
individual concentratiomesponse curve did not achievedafined Rnax, data
were analysed at each individual concentration. At M0 and 30 pM of
bradykinin, t he p testrad®lnsigeficantly finhibited tHOM

vasorelaxation(n=6) (Figure 2.9).

Figure 2.9 Log concentratioiresponse curves for the vasorelaxant effects of

bradykinin in the presence of 300 pM-NLAME, 10 pM indomethacin and 1
UM 1 7-éstradiol (4 h incubation) in U46619 peentracted porcine coronary

17¢C

arteries from male pigs. Data are expressed as a percentage change from

U46619induced tone and are ame + S.E.M. of 6 experimentsP¥0.05;2-
taled paired tSdstudent 0s
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